The varicella-zoster virus (VZV) major transcriptional activator, commonly designated the immediate-early 62 protein or IE62, is a potent and promiscuous transactivator of both homologous and heterologous promoters (reviewed in reference 38). The IE62 protein contains 1,310 amino acids (aa), and the major functional domains within the protein with respect to transactivation are an N-terminal acidic activation domain (AD) and a DNA binding domain. The IE62 activation domain (aa 1 to 86) is compositionally similar to other acidic activation domains found in herpes simplex virus VP16 and the pseudorabiesvirus major transactivator but shows little homology to those domains at the individual amino acid level (4, 34) .
The DNA binding domain of IE62 is contained within aa 468 to 640 of the IE62 sequence. Previous studies showed that bacterially expressed fragments of IE62 containing this region are capable of binding to a variety of VZV and non-VZV promoter elements (2, 50, 51, 53) . The ability of IE62 to interact directly with DNA has been shown to be an important aspect of its mechanism of activation since mutations in IE62 which ablate DNA binding also abrogate transactivation (49) . However, it is unclear if IE62 is required to bind to a specific sequence. DNase protection studies by Wu and Wilcox (53) identified a consensus sequence (-ATCGT-) to which a recombinant fusion protein containing the IE62 DNA binding domain bound tightly. Other work, however, indicated that IE62 is capable of binding numerous sequences within promoters (2, 22, 50) . Finally, an extensive analysis by Perera (32) showed that IE62 is capable of transactivation of minimal promoters containing only a TATA box and lacking all known or permuted IE62 binding sites.
The mechanism(s) of IE62 activation is largely unknown. Perera (32) showed that IE62 was able to achieve differential levels of transcriptional activation of model promoters depending on the nature of the TATA motif. Direct physical interaction between a fragment of IE62 (aa 273 to 724) and TATA binding protein (TBP) and TFIIB was also demonstrated in that study. Although a TATA element alone is able to mediate IE62 activation as evidenced on artificial minimal reporters and the VZV ORF21 promoter (5, 32) , studies of a number of other VZV promoters indicate that an upstream cellular factor binding site, in addition to a TATA element, is required for significant IE62-mediated activation (23, 24, 30, 55) . The essential role of one such factor, USF, in mediating IE62 activation of the VZV ORF28/29 regulatory element has been extensively documented, and a direct physical interaction between IE62 and USF has been demonstrated (23) (24) (25) 37) .
The cellular transcription factor USF (upstream stimulatory factor) is a member of the helix-loop-helix (HLH) family of regulatory proteins. USF binds to a symmetrical DNA sequence (5Ј-GGTCACGTGACC-3Ј) first identified in the adenovirus major late promoter (ADMLP) (12, 41) . Purified human USF is composed of 43-and 44-kDa polypeptides, designated USF1 and USF2, respectively, which coexist as both homo-and heterodimers, with the heterodimer as the major species (10, 41, 42) . USF1 and USF2 are conserved in their C-terminal regions, which contain the bHLH-Zip domains involved in DNA binding and dimerization (44, 45) , and in the USF-specific region (USR), which is essential for activation of initiator element-mediated transcription (20) . Their N-terminal regions containing transcriptional activation domains show considerable diversity (15, 20) . As part of its mechanism of action, USF is believed to stabilize TBP binding and facilitate the formation of transcription preinitiation complexes (41, 52) .
Consensus binding sites for USF have been found in nearly one-fourth of the putative VZV promoter elements controlling expression of the 71 viral open reading frames (39) , indicating that USF likely plays an important role in VZV replication. This has recently been confirmed in a study showing that VZV replication was significantly impaired in a cell line expressing a dominant-negative form of USF (37) . The demonstration of a direct physical interaction between IE62 and USF in the same study suggests that IE62 may target promoters through interactions with this cellular factor.
The specific part played by IE62 in cooperation with USF for promoter activation is not fully understood. In one study, IE62 was shown to be able to activate the ORF28/29 regulatory element in an osteosarcoma cell line (Saos-2) in which USF is expressed but lacks transcriptional activity (36) . It was therefore suggested that IE62 could substitute for a cellular coactivator that is required for USF activation but which is absent in the Saos-2 cells. However, the ability of IE62 to activate promoters containing USF binding sites in other cell lines where USF is active (23, 55) indicates that IE62 plays a role other than, or in addition to, that of the cellular USF coactivator.
In the work presented here, we found that IE62 and USF individually stimulated expression from model promoters and the VZV ORF28/29 regulatory element. However, the level of activation observed when both were present was 20-to 30-fold greater than the sum of the individual contributions. Further experiments showed that the activation domain of USF1 was both necessary and sufficient to mediate IE62 activation and that TBP/TFIID was captured in protein pull-down experiments using a glutathione S-transferase (GST) fusion protein containing the USF1 activation domain. The regions involved in the direct physical interaction between USF1 and IE62 were mapped to the DNA binding domain of USF and to amino acids 238 to 258 of IE62, respectively. Deletion of this 20-amino-acid sequence in IE62 resulted in no significant difference in the ability of the protein to transactivate both model and native promoters. However, alteration of the architecture of the ORF28/29 regulatory element resulted in less efficient activation by IE62 carrying the deletion than by that carrying the wild-type protein. Finally while both IE62 and USF increased the level of TBP/TFIID binding to DNA fragments containing specific promoter elements, they showed no ability to increase each other's binding. Thus, it is possible that TBP/ TFIID may be part of a molecular bridge between USF and IE62. These findings suggest a novel mechanism for the observed synergistic activation which requires neither site-specific IE62 binding to the promoter nor a direct physical interaction with USF.
MATERIALS AND METHODS
Reporter constructs. The dual luciferase bidirectional reporter vectors pRFL/WT and pRFL/USFm have been described previously (55) . The chimeric TA-Luc reporter vectors were constructed based on the pGL-2 basic vector (Promega, Madison, WI). The TATA element and flanking sequence derived from the adenovirus major late promoter were inserted between the XhoI and HindIII sites of the pGL-2 vector to generate the pTALuc minimal reporter vector. The flanking region was mutated in order to eliminate a functional Maz/Sp1 site immediately downstream of the TATA element. The sequence inserted was 5Ј-GGCTATAAAAGGAAGCTCGGAGCCGTTCGTCCTC-3Ј. The USF binding site (5Ј-GTAATCACGTGATTTGT-3Ј) derived from the VZV ORF28/29 regulatory element was inserted between the KpnI and MluI sites in the pTALuc vector, 25 bp upstream of the TATA box. The TATA element and the core consensus USF site are underlined. The pUSFmTALuc, pUSFTAmLuc, and pUSFmTAm reporter vectors were generated by site-specific mutation of pUSFTALuc at the USF site, TATA element, or both, respectively. The base substitutions in the USF site in these vectors are identical to those in the pRFL/USFm reporter vector (5Ј-GTAATCACGCTCTTTGT-3Ј; the mutant USF site is underlined, and the specific base substitutions are in boldface type). In the vectors carrying the TATA element mutation the sequence 5Ј-TATAAA-3Ј was replaced with 5Ј-AACGCTT-3Ј. The pG1TALuc vector was constructed by inserting a single copy of the Gal4 binding motif into the MluI site in the pTALuc vector. The Gal4 binding motif is the 17-mer palindrome consensus sequence CGGAGGACAGTACTCCG (7) .
Expression constructs for transient transfections. The cloning of the pCMV62 plasmid expressing wild-type IE62 under the control of the cytomegalovirus immediate-early (IE) promoter was described previously (31, 33) . The IE62 gene was derived from the EcoRI E fragment of the genome of the low-passagenumber North American clinical isolate Scott (47) . The pCMV62d20 plasmid was derived from the pCMV62 plasmid by site-directed mutagenesis using the QuikChange site-directed mutagenesis kit (Stratagene, Cedar Creek, Tex.) to delete aa 238 to 258 within IE62.
The DNA sequence encoding full-length USF1 (aa 1 to 310) was derived by reverse transcription-PCR using total RNA extracted from MeWo cells (C. Grose, University of Iowa) and then cloned into the pQE-tri vector between the EcoRI and XhoI sites to produce the pQE-USF1 vector. RBUSF1 and BUSF1, which contain aa 155 to 310 and aa 197 to 310 of USF1, respectively, were PCR amplified from full-length USF1 and cloned into the same restriction sites to create the pQE-RBUSF1 and pQE-BUSF1 vectors.
The pGU series of plasmids expressing Gal4-USF fusion proteins were constructed based on the pcDNA3.1(ϩ) vector (Invitrogen, Carlsbad, CA), within which the Gal4 DNA binding domain (aa 1 to 147) was inserted between the HindIII and BamHI sites and the USF1 fragments were inserted between the BamHI and EcoRI sites. pGU/FL contains the full-length USF1 coding sequence (aa 1 to 310). pGU/AD contains the sequence of the activation domain of USF1 (aa 1 to 156). pGU/AR contains the sequence of the activation domain and USR of USF1 (aa 1 to 197). pGU/RB contains the sequence of the USR and DNA binding domain of USF1 (aa 157 to 310), and pGU/B contains the sequence of the DNA binding domain of USF1 (aa 198 to 310). The structures of the USF fusion constructs are summarized in Table 1 .
Expression vectors used in protein pull-down assays. Full-length His-USF1 and His-USF-1/BD (197-310) were expressed from the pQE plasmids described above. The pTrcHis2C vector (Invitrogen, Carlsbad, CA) was used to express His-USF1 (1-155) and His-USF1 by inserting the corresponding USF1 coding sequence between the NcoI and EcoRI sites present in the parental plasmid, resulting in the pTrc-USF1/AD and pTrc-USF1/AR constructs, respectively. The pHF2 plasmid expressing His-USF1/⌬N (aa 105 to 310) was the gift of Michele Sawadogo (M. D. Anderson Cancer Institute).
The pGEX-IE62 series was constructed using the pGEX-4T-3 plasmid (Amersham Biosciences, Piscataway, NJ) to encode the N-terminal portions of the VZV IE62 protein with an N-terminal GST tag. pGEX-IE62 (1-238), pGEX-IE62 (1-248), pGEX-IE62 (1-258), pGEX-IE62 (1-268), pGEX-IE62 (1-278), and pGEX-IE62 (1-288) were generated by inserting each of the respective IE62 coding sequences between the BamHI (EcoRI for 1-238 only) and SalI sites in the pGEX-4T-3 vector. pGEX-IE62 (1-299d10) and pGEX-IE62 (1-299d20) were derived from pGEX-IE62 (1-299) by site-directed mutagenesis using the QuikChange site-directed mutagenesis kit (Stratagene, Cedar Creek, TX) to delete 20 amino acids (238 to 258) in the IE62 gene. Generation of pGEX-IE62 (1-43), pGEX-IE62 (1-226), pGEX-IE62 (1-299), and pGEX-IE62 (1-406) was previously described by Spengler et al. (46) . The pGST-IE62AD, pGST-USF1AD, and pGST-VP16AD expression plasmids were constructed using the pGEX-4T-3 plasmid. Sequences coding for the N-terminal 107 amino acids of the IE62 protein were inserted between the BamHI and SalI sites. Sequences encoding the USF1 activation domain (aa 1 to 155) and the VP16 activation domain (aa 410 to 490) were inserted between the BamHI and XhoI sites.
Purification of recombinant proteins. Escherichia coli DH5␣ transformed with pHF2 expressing His-USF1/⌬N or pQE-USF1 expressing His-USF1 was grown in 250-ml LB broth cultures and induced with 0.1 or 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside), respectively. Three hours postinduction, cells were pelleted and resuspended in 10 ml lysis buffer (20 mM HEPES, pH 7.9, 500 mM NaCl, and 10 mM imidazole). The His-tagged proteins were purified using a HisTrap kit following the manufacturer's instructions (Amersham Biosciences, Uppsala, Sweden). Protein eluates were then loaded on a PD-10 desalting column (Amersham Biosciences, Uppsala, Sweden) and eluted with buffer D (20 mM HEPES, pH 7.9, 100 mM KCl, 20% glycerol, and 0.2 mM EDTA). The VZV IE62 protein was expressed in recombinant baculovirus and purified from infected cell cultures as previously described (46) . GST-IE62 (1-299) was expressed and purified via glutathione-agarose chromatography as previously described (46) . Purified proteins were stored at Ϫ80°C prior to use.
Transient-transfection and reporter gene assays. Transient-transfection assays were performed as previously described (55) in a human melanoma cell line (MeWo) that supports VZV replication. Transfections were performed in triplicate using 12-well plates. Briefly, 2 ϫ 10 5 cells were seeded in each well 24 h before transfection. One microgram of reporter vector and 0.02 g of IE62-expressing plasmid or 0.5 g of USF fusion protein-expressing plasmid were transfected in each assay with Lipofectamine reagent (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. Various amounts of the empty cloning vector, pcDNA, were transfected along with the pCMV62 and pGU plasmids to equalize the amount of both total DNA and CMV promoter in each set of transfections. The empty pQE-tri vector was used in the same way in transfections with the USF-expressing plasmids. The pCMV · SPORT · ␤Gal vector (Gibco, Carlsbad, CA) was used as an internal control reporter for transfections with the pRFL reporter vector. The pEF1␣-RL vector expressing Renilla luciferase under the control of the EF1␣ promoter was used as the internal control reporter for transfections with the Luc reporter vectors. Cells were collected 48 h posttransfection and were lysed in lysis buffer (50 mM HEPES, pH 7.4, 250 mM NaCl, 1% NP-40, 1 mM EDTA). Dual luciferase activities were normalized to the beta-galactosidase activities. Firefly luciferase activities were normalized to the Renilla luciferase activities. Transfection experiments were repeated at least three times, and each set of transfection conditions in a given experiment was used in triplicate. The data from representative experiments are presented as the means of triplicate transfections. Error bars indicate standard deviations. Statistical significance was determined by a one-way analysis of variance test followed by Tukey's post hoc test.
EMSA. A double-stranded DNA oligomer (IDT, Coralville, IA) 22 bp in length was used in the electrophoretic mobility shift assays (EMSAs). The wildtype USF probe contained the wild-type USF binding motif (underlined) with the flanking sequence derived from the ORF28/29 regulatory element: GTGTA ATCACGTGATTTGTTG. The duplex oligomer was end labeled with [␥-32 P]ATP using T4 kinase (Invitrogen, Carlsbad, CA). His-USF1/⌬N was purified as described above. Recombinant human Sp1 (rhSp1) was obtained from Promega (Madison, WI).
One hundred femtomoles of the labeled probes (1 ϫ 10 5 cpm) was incubated with 20 ng of purified protein in a 20-l reaction mixture containing 40 mM HEPES, pH 7.9, 100 mM NaCl, 10 mM MgCl 2 , 200 g/ml bovine serum albumin (BSA), 12% glycerol, 0.05% NP-40, 1 mM dithiothreitol, and 1 g poly(dIdC). Anti-USF1 and anti-Sp1 antibodies were obtained from Santa Cruz Biologicals (Santa Cruz, CA). The samples were analyzed by electrophoresis on a 5% polyacrylamide (37.5:1 acrylamide/bisacrylamide) gel followed by autoradiography.
Magnetic bead recruitment assays. Nuclear extracts of uninfected and infected MeWo cells were prepared as previously described (55) . Biotinylated oligomers containing the relevant promoter sequences were generated by PCR using 5Ј-end-biotinylated sense-strand primer (5Ј-biotinylated promoter) or antisense-strand primer (3Ј-biotinylated promoter). The 5Ј-biotinylated ORF28/29 promoter oligomer was the 221-bp intergenic region that is inserted in the pRFL/WT vector. The 3Ј-biotinylated 132-bp USF-TATA promoter was derived from the pUSFTALuc vector by PCR using a GL-1 primer and 5Ј-biotinylated GL-2 primer. The 3Ј-biotinylated USFm-TATA promoter was PCR amplified from the pUSFmTALuc vector using the same set of primers as that for the biotinylated USF-TATA promoter.
Magnetic bead recruitment assays were performed as previously described (3, 21) . Briefly, 10 pmol of 5Ј-or 3Ј-biotinylated promoter was conjugated to 50 l Dynabeads M-280-streptavidin (Dynal, Oslo, Norway). The promoter-coupled beads were blocked with 100 l blocking buffer (20 mM HEPES, pH 7.9, 100 mM KCl, 8 mM MgCl 2 , 10 M ZnSO 4 , 0.1 mM EDTA, 0.01% Triton X-100, and 50 mg/ml BSA) and then incubated with 250 g nuclear protein extract derived from MeWo cells in 50 l binding buffer (20 mM HEPES, pH 7.9, 100 mM KCl, 8 mM MgCl 2 , 10 M ZnSO 4 , 0.1 mM EDTA, 0.01% Triton X-100) supplemented with 5 g/ml heparin and 2 g poly(dI-dC) at room temperature for 30 min. The beads were subjected to three washes with 400 l binding buffer, and bound proteins were eluted in 50 l 2ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and analyzed by SDS-PAGE followed by immunoblotting. The presence of the USF1 and IE62-USF1 fusion proteins was determined using the anti-USF1 (C-20) antibody (Santa Cruz). The polyclonal anti-IE62 antibody was previously described (46) . Monoclonal anti-TBP antibody was obtained from Neoclone (Madison, WI).
His-tag protein affinity pull-down assays. Full-length and truncated Histagged USF1 fusion proteins were expressed in E. coli BL21, and the lysates were used in protein affinity pull-down assays in conjunction with purified IE62 and GST-IE62 (1-299) as previously described (37) . Bound proteins were eluted with 50 l 2ϫ SDS-PAGE sample buffer by being boiled for 5 min and then analyzed by SDS-PAGE and immunoblotting.
GST-tag protein affinity pull-down assays. Following induction with IPTG crude lysates of E. coli expressing GST and GST-IE62 fusions were prepared and clarified as previously described (30) . Two-hundred-microliter aliquots of the bacterial lysates were added to 50 l glutathione-Sepharose beads and incubated for 1 h at 4°C. In the capture assay with purified recombinant protein, 100 ng His-USF1/⌬N with 1 mg/ml BSA in 200 l buffer D (20 mM HEPES, pH 7.9, 100 mM KCl, 20% glycerol, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride) was added to the protein-coupled beads. Following repeated washings with 0.1% Triton X-100 in buffer D, bound protein was eluted with 50 l 2ϫ SDS-PAGE sample buffer by being boiled for 5 min and then analyzed by SDS-PAGE and immunoblotting. In assays with nuclear extracts, 50 l extract (15 g/l protein) in 250 l buffer D was added to the protein-coupled beads. Incubation was performed for 3 h at 4°C and followed by the washing and elution steps described above.
Coimmunoprecipitation assays. MeWo cells were grown in 12-well plates and transfected with 0.02 g pcDNA, 0.02 g pCMV62, or 0.01 g pCMV62d20 per well. Cells were lysed 48 h posttransfection with the addition of 200 l lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% NP-40). Lysates from three wells transfected with the same plasmid were pooled, and coimmunoprecipitations were performed with monoclonal anti-IE62 antibody coupled to protein G-Sepharose 4 Fast Flow beads (GE Healthcare Bio-Sciences, Uppsala, Sweden) as previously described (30) . Bound proteins were eluted by being boiled in 2ϫ SDS-PAGE sample buffer, separated by SDS-PAGE, and analyzed by immunoblotting. 
RESULTS
USF can synergize with IE62 to activate model minimal promoters. The cellular transcription factor USF has previously been shown to mediate IE62 activation of native VZV promoters (23, 30) . USF binding sites have been predicted to be present in a number of VZV genes, and the physiological significance of USF-mediated IE62 activation in VZV replication has been well documented (37, 39) . To explore the functional interaction of the VZV IE62 protein and USF in terms of promoter activation, model firefly luciferase reporter vectors (Fig. 1A) were generated containing either a consensus binding site for USF fused 25 bp upstream of the TATA element (TATAAAA) derived from the ADMLP or the TATA element alone. The IE62 protein has been previously shown to be capable of activating expression from reporter plasmids containing only this consensus TATA element (32) . Thus, these model promoters should represent the minimal cis-acting elements required for IE62 activation in the presence and absence of USF, respectively.
In the first series of experiments, we wished to determine if this cellular factor could synergize with IE62 in the context of the ADMLP TATA element and to determine the extent of the individual contributions of IE62 and USF to activation of the promoter in each other's absence. The minimal reporter vector pTALuc, containing only the TATA element, and the chimeric reporter vectors were cotransfected with an IE62-expressing plasmid, pCMV62, into MeWo cells, a melanoma cell line that supports productive VZV infection. The results of the transient-transfection assays are shown in Fig. 1B . The luciferase activity obtained with the pTALuc reporter in the absence of IE62, representing the basal level of core promoter activity, was normalized to 1. IE62-regulated promoter activity and the activities of the promoter containing the USF binding site in both the absence and presence of IE62 are reported as induction (n-fold) of luciferase activities in reference to this basal activity. Addition of the USF site to the minimal promoter containing only the TATA element resulted in an increase of 3.7-fold in the absence of IE62. In comparison IE62 activated the minimal pTALuc reporter by 14.2-fold. Thus, a maximum of 17-to 18-fold activation would be expected if the contributions of USF and IE62 were additive. In marked contrast to this prediction, the presence of IE62 activated the model promoter by 500-fold, indicating synergistic activation some 28-to 29-fold greater than the additive contributions.
The binding of USF was examined by EMSA using a 22-bp duplex DNA oligomer containing the USF site present in the reporter vector. As shown in Fig. 1C , a USF binding complex was observed with the probe in the presence of a purified recombinant USF protein containing aa 105 to 310 of USF1, which encompass a portion of the activation domain and the complete USR and bHLH-Zip domains of USF1. Similar results have previously been reported in studies using MeWo cell nuclear extracts, which also showed that USF binding was virtually abolished in the context of a probe containing the USFm mutation (23, 37) . Thus, the binding of USF correlated with the increased activity of the promoter in the absence of IE62.
A second set of experiments examined the dependence of USF and IE62 activation on the presence of a functional TATA element within the promoter. Three additional reporter vectors were constructed using the pUSFTA-Luc sequence. One (pUSFmTALuc) contained a mutant USF binding site, the second (pUSFTAmLuc) contained a mutant TATA element, and the third (pUSFmTAmLuc) contained both mutant USF and TATA elements (Fig. 1A) . As shown in Fig. 1D (where the data were normalized to the activity observed with the USFmTALuc reporter in the absence of IE62), a functional TATA element was necessary for both basal and synergistic activation by USF and IE62. Thus, TBP binding to a specific site within the promoter appears to be a requirement for USF-and IE62-mediated activation.
Very similar levels of activation (14.2-fold versus 15-fold) in the presence of IE62 were observed with the TALuc and the USFmTALuc reporters, respectively, indicating that the mutation of the USF binding site completely ablated USF activity. Further, while the basal levels of the USFTALuc expression in the two experiments differ by approximately a factor of 2, the relative increase seen in the presence of IE62 is of the same order of magnitude: 130-fold in Fig. 1B and 91-fold in Fig. 1D . These data indicate that the effect of the presence of IE62 is superimposed on the basal level of transactivation in its absence.
IE62/USF synergy at the VZV ORF28/29 regulatory element. A consensus USF binding site has been shown to be essential for IE62-mediated activation of the two divergent, overlapping unidirectional promoters contained within the VZV ORF28/29 intergenic regulatory element ( Fig. 2A) , which controls expression of the viral DNA polymerase (ORF28) and major singlestranded DNA binding protein (ORF29) (25, 55) . Both of these promoters contain atypical TATA elements that are also required for IE62 activation. An Sp1 binding site located within the unique portion of the ORF28 promoter plays a secondary role in the context of the complete regulatory element to further augment IE62-mediated activation of both genes, based on work with bidirectional reporter plasmids (55) . In the next series of experiments, we wished to determine the extent of synergy between USF and IE62 at this complex native viral regulatory element.
To answer this question, two previously described (55) dual luciferase bidirectional reporter vectors were utilized. These were pRFL/WT, with Renilla luciferase in the position of the ORF28 gene and firefly luciferase in the position of the ORF29 gene, and pRFL/USFm, which contains a mutated USF site. The basal activities of the two reporter genes in the pRFL/ USFm plasmid in the absence of IE62 were normalized to 1. The activities of both pRFL/USFm and the wild-type pRFL/WT reporters in the presence of increasing amounts of pCMV62 were determined relative to this value. The results are presented in Fig. 2B , showing the activity in the direction of ORF28, and Fig. 2C , showing that in the direction of ORF29. Comparison of the activities of the relative levels of Renilla luciferase (ORF28 activity) with the wild-type and mutant reporter vectors shows that the presence of the USF site contributed a 3.3-fold increase in activation. Transfection of 0.02 and 0.05 g of the IE62 expression plasmid resulted in expression levels 2.8-and 3.8-fold, respectively, higher than those observed with pRFL/USFm alone. Thus, the maximum additive levels expected based on the individual contributions would be 6.1 and 7.1, respectively. In contrast, the levels of expression observed with the wild-type promoter and IE62 under the same experimental conditions were 131-and 226-fold, respectively. These values represent activation 20-to 30-fold higher than the additive values and show a remarkable congruence with the levels of synergy observed with the simple model promoter.
Similar synergy was observed with activation of the firefly luciferase reporter representing the ORF29 gene. In this case, the activity from the wild-type regulatory element was 12.9-fold higher than that seen with the mutant in the absence of IE62, suggesting that either the sequence or the placement of the two TATA elements involved in the expression of the ORF29 gene is slightly more efficient than that of the ORF28 TATA element. Transfection of 0.02 and 0.05 g of the IE62 expression plasmid resulted in expression levels 11.0-and 17.0-fold higher than those observed with pRFL/USFm alone. Once again, in contrast to predicted additive values (23.9-and 29.9-fold), the levels of expression observed with the wild-type promoter and IE62 under the same experimental conditions were 558-and 840-fold higher, respectively, values some 23 and 28 times higher than predicted. Thus, equivalent levels of synergistic activation mediated by the presence of IE62 and USF were observed on both model and native promoters.
The activation domain of USF1 is necessary and sufficient to mediate synergy with IE62. In order to shed light on the mechanism of USF synergism with IE62, the region of USF1 that is required for synergy with IE62 was investigated. USF1 was (23, 24) . The initial approach was to examine the effect of exogenously expressed full-length USF1 and USF1 fragments (Fig. 3A) containing the C-terminal DNA binding and dimerization domains with various extensions towards the N-terminal activation domain on endogenous USF-mediated IE62 activation. All of these ectopically expressed USF1 proteins would be predicted to compete with endogenous USF for binding to the target promoter, and truncations that remove the region of USF essential for IE62 activation would result in a dominant-negative effect in reporter assays. The pQE-USF1, pQE-RBUSF1, and pQE-BUSF1 plasmids (Table 1) were cotransfected with the pCMV62 plasmid and the pRFL/WT reporter into MeWo cells. As shown in Fig. 3B , overexpression of full-length USF1 did not significantly alter IE62 activation of the reporter in the ORF29 position whereas expression of the Renilla luciferase reporter in the ORF28 position was increased by 1.4-fold. While this difference was statistically significant, it is quite small relative to other differences in activity reported here. Similar slight increases (1.5-fold) with a reporter construct containing the ORF28 promoter driving luciferase expression were reported by Qyang et al. (36) upon ectopic expression of USF1. This modest increase in expression suggests that the ectopically expressed full-length USF1, probably by increased overall concentration, compensates for the lower efficiency of IE62-driven expression from the ORF28 side versus the ORF29 side of the bidirectional regulatory element seen with endogenous levels of USF.
In contrast, cotransfection of both pQE-RBUSF1 and pQE-BUSF1 reduced the level of IE62 stimulation, suggesting that the activation domain of USF1, which is absent in RBUSF1 and BUSF1, plays a significant role in mediating IE62 activation. To further identify the domain or domains of USF1 that functionally interact(s) with IE62 and to eliminate interference from endogenous USF in the interaction of IE62 with the truncated USF1 constructs, Gal4-USF fusion constructs (GU) expressing the Gal4 DNA binding domain (aa 1 to 147) fused to various domains of USF1 were created ( Table 1) . As diagrammed in Fig. 3A , pGU/FL contained full-length USF, pGU/AD contained only the N-terminal activation domain, pGU/AR contained the activation domain and the USR, pGU/RB contained the USR and DNA binding domains, and pGU/B contained only the DNA binding domain. A chimeric reporter plasmid (pG1TALuc) containing a single copy of the 17-nucleotide consensus Gal4 binding site was constructed to allow evaluation of the activities of the Gal4-USF1 fusion proteins. The Gal4 binding site was inserted 25 bp upstream of the TATA box, mimicking the position of the USF binding site in the minimal model promoters.
The results of cotransfections with the reporter plasmid and the individual Gal4-USF1 effector plasmids are presented in Fig. 3C . IE62 alone activated expression of the reporter 17-fold over basal expression, in good agreement with the level of activation observed with the TALuc and USFmTALuc reporters. A 10-fold increase in activation above that seen with IE62 alone was observed when both IE62 and the GU/FL fusion protein were present. The GU/AD fusion, containing only the activation domain of USF1, mediated IE62 activation to a higher level (24-fold above IE62 alone) than did the full-length USF1. The GU/AR fusion supported a similar level of activation. In contrast, the presence of the GU/RB and GU/B fusions containing only the bHLH-Zip domain of USF1 resulted in levels of activation which were only two-to threefold above those with IE62 alone. Thus, the activation domain of USF1 appears to be both necessary and sufficient to mediate significant IE62 activation.
Mapping of the regions of IE62 and USF responsible for direct physical interaction. A direct physical interaction has been demonstrated to be able to occur between USF and IE62, and such an interaction has been suggested to be part of the mechanism of joint USF-IE62 activation of promoters (23-25, 37). We next wished to determine if a direct physical interaction is involved in synergistic USF-IE62 activation. Previous work from this laboratory has shown that both USF and Sp1 are capable of binding to IE62 in the absence of other viral proteins (30, 37) . Amino acids 226 to 299 of IE62 were shown to be necessary for the interaction with Sp1 in protein pulldown experiments. The same set of GST-IE62 fusion proteins containing N-terminal fragments of IE62 utilized in that study, GST-IE62 (1-43), GST-IE62 (1-226), GST-IE62 (1-299), and GST-IE62 (1-406), was used in initial screens utilizing MeWo cell nuclear extracts and showed that USF1 also binds to this region of IE62 (Fig. 4A) .
To fine-map the region of IE62 required for interaction with USF1, a second set of GST-IE62 fusions was constructed in which 10 amino acids were successively removed from the carboxy terminus of GST-IE62 (1-299), ultimately yielding GST-IE62 (1-239). These GST fusion proteins along with GST-IE62 (1-226) were then tested for USF1 binding in protein pull-down assays. Purified recombinant His-USF1 bound equivalently to all of the GST-IE62 fusions through GST-IE62 (1-258). Markedly reduced binding was observed with GST- IE62 (1-248), and no binding was observed with GST-IE62 (1-238) and shorter fusions, suggesting that amino acids 238 to 258 of IE62 are critical for USF1 binding (Fig. 4B) . Similar results were obtained with purified His-USF1/⌬N, an N-terminal truncation lacking the first 104 amino acids of USF1, and USF1 present in MeWo cell nuclear extracts (data not shown). The essential role of this region of IE62 in binding USF1 was confirmed by deletion mutagenesis, in which amino acids 238 to 258 were deleted from the GST-IE62 (1-299) construct. The ability of the GST-IE62 fusion protein carrying this deletion to interact with USF1 was examined in GST pull-down assays using purified full-length His-tagged USF1 and MeWo cell nuclear extracts. As shown in Fig. 4C , the 20-amino-acid deletion completely ablated the interaction of USF1 with IE62 in the context of both purified proteins and nuclear extracts. The data obtained with bacterially expressed IE62 fragments and bacterially expressed USF1 further indicate that no other viral or eukaryotic cellular factors are required for this interaction. In order to map the region(s) of USF1 required for or involved in binding of IE62, protein affinity pull-down assays were performed using His-tagged, bacterially expressed fulllength USF1, His-tagged fragments of USF1, and purified, recombinant IE62. The USF1 fragments included His-USF/AD (aa 1 to 155), which contained the entire N-terminal activation domain; His-USF/AR (aa 1 to 197), containing the activation domain and USR; His-USF/⌬N (aa 105 to 310); and His-USF1/BD (aa 197 to 301), which contains only the bHLHZip domain at the C terminus of USF1 (Table 1) . His-tagged RPA14, a component of the heterotrimeric human replication protein A (RPA) complex, was coexpressed in E. coli with the RPA32 subunit and served as a negative control (37) . As shown in Fig. 5 , neither His-USF1/AD nor -AR was able to pull down IE62 above levels observed in controls. However, USF1/FL, -⌬N, and -BD all clearly interacted with IE62 at levels above background.
To exclude the possibility that insect cell proteins that potentially copurify with the full-length IE62 interfered with or altered the interactions between IE62 and the USF1 fragments, a second series of His-USF1 affinity assays was performed using purified GST-IE62 (1-299). The results are presented in Fig. 5B and are essentially identical to those obtained with the full-length baculovirus-expressed IE62, indicating that no contaminating proteins from either source of IE62 influence the results. These data also indicate that no additional sequences beyond amino acids 1 to 299 of IE62 are involved in the interaction in vitro. The bHLH-Zip domain of USF1 is, therefore, the minimal domain required for interaction with IE62. This domain maps outside of the region that functionally interacts with IE62, suggesting that USF1 and IE62 can cooperate in a mechanism that does not require direct physical interaction.
Direct physical interaction is dispensable for synergistic promoter activation by IE62 and USF. Although the domain required for physical interaction between USF1 and IE62 does not correspond to the functionally required domain, the possibility of a physical interaction augmenting the functional interplay between USF1 and IE62 in situ remained. Moreover, the functional mapping data were obtained using the artificial Gal4-USF fusions and a model promoter, leaving open the question of whether a direct physical interaction between intact IE62 and USF is required for synergistic activation of native viral promoters. We therefore investigated these questions in the context of the ORF28/29 regulatory element.
An effector plasmid, pCMV62d20, was generated which expressed IE62 carrying the aa 238 to 258 deletion. As shown in Fig. 6A , the mutant IE62, IE62d20, was readily expressed in MeWo cells. Expression levels of IE62d20 were consistently somewhat higher than those for wild-type IE62 using equivalent amounts of the two expression plasmids. The transactivating activity of the IE62 deletion mutant was then assessed in transient-transfection assays using the pRFL/WT reporter. IE62d20 was found to be as efficient as wild-type IE62 in activation of the promoter mediated through the native USF binding site (Fig. 6B) . The somewhat higher level of activation seen with the mutant protein is most likely due to the abovementioned greater levels of IE62d20 expression. Experiments with the model USFTALuc reporter also showed no loss in the transactivation activity of IE62d20 compared to IE62 (data not shown). These results raised the possibility that IE62d20 could interact with USF1 to the same extent as wild-type IE62 upon expression of the two IE62 molecules in eukaryotic cells. Such an interaction might occur via a second domain, separate from that identified in the in vitro experiments, that became available following posttranslational modification of IE62. In order to explore this possibility, MeWo cells were transfected with the pCMV62 and pCMV62d20 plasmids and the expressed IE62 molecules were immunoprecipitated with monoclonal anti-IE62 antibody. The precipitates were then analyzed for the presence of IE62 or IE62d20 and USF1 by immunoblotting. The results are presented in Fig. 6C and show that while equivalent amounts of IE62 and IE62d20 were precipitated, very low levels of USF1 were coprecipitated with IE62d20 compared to wild-type IE62. Thus, the deletion of amino acids 238 to 258 disrupted the direct interaction of IE62 with USF1 in situ as well as in vitro. 
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The position of the USF site relative to the TATA element has been shown to be important for IE62-mediated synergy, with the optimal distance between the two elements determined by Meier et al. (23) being 24 bp. We reasoned, therefore, that the ability of IE62 to participate in synergistic activation of promoters containing USF sites at distances greater than the optimal distance could involve direct physical interaction in order to maintain a specific geometry of factors within the preinitiation complex. In order to test this hypothesis, two additional reporter vectors were generated in which 5 and 10 bp were inserted between the USF binding site and the TATA element for ORF28 in the pRFL/WT plasmid. The ability of wild-type IE62 and IE62d20 to activate these regulatory elements was then tested, and the results are shown in Fig. 6E and 6F .
The 5-and 10-bp insertions affected the ability of both wildtype IE62 and IE62d20 to transactivate the Renilla reporter gene and also affected the ability of both proteins to transactivate the firefly luciferase present in the ORF29 position, although to a lesser extent. This latter finding suggests a coordinate regulation of expression based on the overall architecture of this regulatory element. There was a greater (approximately twofold) loss of activation of both reporter genes with IE62d20 compared to wild-type IE62 upon alteration of the promoter architecture via the 5-and 10-bp insertions, and these differences were determined to be statistically significant. Thus, a direct physical interaction appears to be dispensable for synergistic activation mediated by IE62 in combination with the cellular transcription factor USF in the context of the promoters used in this study. However, this interaction does contribute to the efficiency of activation based on the relative positions of the cis-acting elements present.
IE62 and USF increase TBP/TFIID binding to promoters. A consensus IE62 binding site (ATCGT) is rarely present in native viral promoters (38, 39) and is not present in either the native (23, 55) or model promoters used in this study. Thus, recruitment of IE62 by cellular trans-acting factors is intuitively an obvious potential component of its mechanism for promoter activation. While a direct interaction between IE62 and USF appears to be dispensable for synergistic activation based on the data presented above, it is possible that the presence of USF at the promoter could influence the interaction of other factors with IE62, thus indirectly increasing IE62 recruitment. In order to examine the influence of USF on recruitment of IE62 to promoters, a DNA fragment containing the ORF28/29 regulatory element was incubated with nuclear extracts derived from VZV-infected MeWo cells in magnetic bead recruitment assays. Nonbiotinylated oligomers containing the wild-type consensus USF binding site or the mutated site were added to the incubation, and the binding of IE62 and USF1 to the promoter in the presence and absence of competitor was examined. The results, presented in Fig. 7A , showed that IE62 bound to the ORF28/29 regulatory element to similar levels irrespective of whether or not USF was bound. Although USF binding to the wild-type ORF28/29 regulatory element showed no effect on IE62 binding, it remained a formal possibility that the loss of synergistic IE62 activation of promoters carrying the USFm mutation could occur through ablation or reduction of IE62 promoter binding due to the presence of the mutated site in a mechanism independent of USF binding. In order to investigate this question, magnetic bead recruitment assays were performed with the ORF28/29 regulatory element containing either the wild-type or mutant USF binding site using infected cell extracts. As shown in Fig.  7B , the USF binding site mutation eliminated USF binding but no significant effect on IE62 binding was observed. These results indicate that IE62 and USF appear to have no effect on each other's binding in the context of promoter elements shown to be synergistically activated by their combined action.
The TATA element was required for activation by IE62 and USF in the first series of experiments presented in this work, and both proteins have been suggested to stabilize TBP/TFIID binding in previous studies (30, 41) . Therefore, TBP/TFIID binding to promoters in the presence and absence of USF and IE62 was also examined. To exclude the possibility that other transcription factors that bind to the ORF28/29 regulatory element may influence or offset the effects of USF and IE62 in this regard, TBP binding was examined by magnetic bead recruitment assays using promoter elements containing only wild-type or mutant USF binding sites upstream of the ADMLP TATA element. Densitometric analysis of the immunoblot data shown in Fig. 7C indicates that TBP binding to the USFm-TATA promoter was reduced by threefold compared to binding to the USF-TATA promoters in assays with nuclear extracts derived from uninfected MeWo cells. To examine the effect of the presence of IE62 on the levels of TBP bound in the presence of USF, increasing amounts of purified recombinant IE62 were preincubated with nuclear extracts derived from uninfected MeWo cells prior to the addition of the biotinylated promoter. As shown in Fig. 7D , increased IE62 binding correlated with increased TBP binding to the promoter (approximately 2.5-fold under these conditions) with USF binding being unaffected. These experiments were repeated twice with similar results regarding decreases and increases (two-to threefold) in the levels of TBP bound, respectively.
Since the activation domain of USF1 was sufficient to mediate synergy with IE62, we wished to determine if it was also capable of interaction with TBP/TFIID in protein pull-down experiments. While USF has been suggested to be involved in stabilization of TBP at promoters based on DNase footprinting (41) , no information was available on the region of the protein involved. IE62 has also been shown to interact with TBP. While the site of this interaction (aa 273 to 734) mapped to a region other than the IE62 acidic activation domain (32) , these data were obtained using in vitro-translated fragments of IE62 and purified TBP, which rarely exists in mammalian cells separate from the TATA-associated factors (TAFs) that, along with TBP, make up the general transcription factor TFIID (11, 28) . Thus, the possibility remained that the IE62 activation domain might interact with a component of a larger complex containing TBP. The VP16 activation domain has been shown to interact with TBP/TFIID (13, 48) and acted as a positive control. The results are presented in Fig. 7E and show that the activation domain of USF1 was capable of capturing TBP or a complex containing TBP in these pull-down experiments. This represents the first demonstration of this finding for a specific region of USF. The IE62 activation domain was also capable of capturing TBP in these pull-down assays, suggesting that it may interact with one of the TAFs or another component of a larger transcription complex containing or stably interacting with TBP/TFIID.
DISCUSSION
The VZV IE62 protein is known to be a potent and promiscuous transcriptional activator. While this function of IE62 has been well established for over a decade, little information is available concerning the molecular details of the mechanism or mechanisms involved. One of the most intriguing aspects of the IE62 activation mechanism lies in the fact that while IE62 can activate promoters containing only a TATA element, much higher levels of activation have been observed with promoters containing binding sites for cellular transcription factors which, like IE62, contain potent activation domains (5, 14, 23, 30, 32) . In this study, functional and physical interactions between IE62 and the ubiquitous cellular transcription factor USF were examined in the context of model minimal promoters and a complex native VZV regulatory element in order to assess the level of synergy involved and to probe the molecular details of the observed activation.
The first series of experiments assessed the level of functional interaction between IE62 and USF on model promoters containing consensus USF and TATA binding motifs. The individual contributions of IE62 and USF toward activation of these promoters were similar to levels seen for each in other studies (16, 32) . However, when both factors were present, the observed activation was 23-to 30-fold greater than the simple additive level of their individual contributions. This represents the first determination of the level of synergy between the VZV IE62 protein and a cellular transcription factor. Extension of this analysis to a complex native regulatory element, the ORF28/29 regulatory element, which contains two unidirectional, partially overlapping promoters for the viral DNA polymerase and major DNA binding protein, showed that the level of synergy observed was the same as that for the model promoter. This suggests that the functional interaction between IE62 and USF is the same in this case despite the presence of atypical TATA elements and an Sp1 consensus binding site.
A straightforward possibility regarding the mechanism of IE62 synergy would involve recruitment of IE62 and its activation domain to the promoter via an interaction with USF. Such a model would be in keeping with prior data showing a direct physical interaction between the two proteins (30, 37) . The increase in activation observed could thus potentially be due to the correct positioning of the IE62 activation domain for contact with the cellular transcription apparatus with or without the need for the activation domain of the cellular factor. The competition experiments using full-length and truncated forms of USF1 expressed ectopically, however, clearly indicate that the USF1 activation domain is involved in the activation observed in the presence of IE62. This was confirmed in the experiments using Gal4 fusions of USF1, which showed that the activation domain was necessary and sufficient for mediation of synergy with IE62. Thus, both activation domains are required based on these results regarding USF1 and previous analyses of IE62 (4, 34) . The increased synergy observed with the Gal4 fusions containing only the activation domain and the activation domain plus the USR suggests that the activation domain of full-length USF1 in the GU/FL construct may be partially masked in the fusion protein. Alternatively steric inhibition of the interaction between the USF AD in the full-length fusion and IE62 could exist, resulting in lower activity of this protein than of the GU/AD construct. These results are in contrast with, but not necessarily in opposition to, the results of Qyang et al. (36) , which suggested that the USR of USF2 rather than the activation domain was required for IE62-mediated activation based on similar competition experiments. This previous study was performed in Saos-2 cells, in which USF is expressed but inactive in the absence of IE62 due to the lack of a cellular coactivator. Thus, there may be several mechanisms by which IE62 can synergize with USF in activation of promoters depending on the presence or absence of the native USF cofactor, and possibly whether the synergy is mediated via USF1 or USF2.
The experiments using the USF1-Gal4 fusions indicated that the activation domain of USF1 is required for synergy but did not rule out the possibility that the two proteins also need to be in direct physical contact. However, the mapping of the regions of IE62 and USF1 required for their direct physical interaction and subsequent experiments assessing the ability of the IE62d20 mutant to activate the promoters within the wild-type ORF28/29 regulatory element indicate that this is not the case. These results are therefore in contrast to the mechanism of action of the adenovirus E1A protein which, unlike IE62, does not appear to require either specific or nonspecific DNA binding for transcriptional activation (57) but where the need for a direct physical interaction with the DNA binding domains of cellular transcription factors was demonstrated (17, 56) .
The lack of a requirement for direct physical interaction between synergistic partners documented here shows some similarity to recent findings concerning the cellular factors Ets-1 and Pit-1. No effect on the synergistic activity of these proteins at the rat prolactin promoter was observed when Ets-1 proteins carrying mutations on their Pit-1 interaction surface, which significantly reduced binding of the two factors in vitro, were used in in situ assays (6) . Ets-1 and Pit-1, however, both require specific DNA binding sites at the promoter. Likewise, human immunodeficiency virus TAT, which is currently not believed to require a direct interaction with the numerous cellular factors with which it can synergize, is tethered to the promoter via interaction with the nascent mRNA (19, 29) . Thus, the requirement for DNA binding but lack of a need for a specific binding site within the promoter or a direct interaction with a required cellular transcription factor exhibited by IE62 appears to present a new mechanistic variation on the theme of synergy between transactivating proteins. This does not, however, totally preclude the possibility that a direct physical interaction between IE62 and USF may be important for activation of specific promoters. The data obtained in this work showing a decrease in the efficiency of IE62 activation in the case of the IE62d20 protein compared with wild-type IE62 upon alteration of the structure of the ORF28/29 regulatory element clearly indicate that this could be the case. Thus, promoter architecture and the presence or absence of tissue-specific factors involved in VZV gene expression could result in the requirement for such an interaction. It is interesting, in this regard, that while numerous mutations within the IE62 gene have been identified in the live attenuated VZV vaccine (1, 8, 9, 18, 35) , none of these mutations occur within the region of IE62 that contains the interaction sites for USF mapped in this work and for Sp1 mapped by Peng et al. (30) .
The influence of IE62 and USF in the context of their binding to promoter elements and the influence of their presence on TBP/TFIID binding were also examined. USF and IE62 did not appear to influence each other's presence at either model or native promoter elements under any of the experimental conditions used in this study. Increased TBP/ TFIID binding was observed in the presence of a consensus USF site within a model minimal promoter element compared to one containing a mutant site incapable of binding USF. Addition of recombinant IE62 showed a further increase in TBP/TFIID bound in the presence of USF. These results suggest that IE62 and USF stabilization of TBP/TFIID binding is part of the mechanism of synergistic activation.
Both the USF1 and IE62 activation domains were capable of capturing TBP/TFIID in GST pull-down assays. These results represent the first such information concerning the ability of a specific portion of either USF1 or USF2 to interact directly or indirectly with TBP/TFIID. Similarly novel are the findings for the activation domain of IE62, the target or targets of which have not previously been identified. These results differ from those of Perera (32) , who showed that purified recombinant TBP bound to a fragment of IE62 encompassing amino acids 273 to 734. This suggests that the activation domain of IE62 may interact either with one of the TAFs associated with TBP or with another component of the general transcription apparatus that interacts stably with TFIID under the experimental conditions utilized in the pull-down experiments.
Previous work from several laboratories concerning IE62-mediated activation has demonstrated a requirement for both the N-terminal acidic activation domain and DNA binding activity of IE62 (4, 34, 38) and the requirement for the presence of a TATA element in the promoter (32) . These findings, in conjunction with the data gathered in this study, allow the proposal of the following model for a mechanism of USF-IE62 activation. In this model, IE62 is not recruited to the promoter via interaction with the USF bound to the promoter. Instead, it recognizes and stabilizes TBP/TFIID bound to the promoter. The nonspecific DNA binding activity of IE62 may be required to enable the protein to track along the DNA until it encounters the bound TBP/TFIID. IE62 could further stabilize the complex through its nonspecific DNA binding activity or by interaction with one or more TBP-associated factors within TFIID. USF is also involved in interaction with and stabilization of TBP/TFIID. It is possible that this binding and stabilization could occur alternatively with that of IE62 and thus there would be no influence of IE62 and USF on the other's interaction with the promoter. VOL. 80, 2006 USF SYNERGY WITH VZV IE62 7351
While the presence of both IE62 and USF increased TBP/ TFIID binding to promoter elements in the magnetic bead recruitment assays, these increases were relatively modest compared to the level of synergy observed. USF is known to exist and bind as a dimer (10, 12) , and native IE62 is also believed to be dimeric by analogy with herpes simplex virus ICP4 and based on the ability of its DNA binding region to dimerize (43, 51) . Thus, interaction of IE62 and USF with TBP/TFIID could occur through one activation domain, allowing the second activation domain to be in the correct geometric position to allow cooperative interplay with elements of the cellular transcription apparatus, resulting in stabilization of the preinitiation complex. The activation domains of IE62 and USF could both physically and functionally interact with a coactivator protein such as the human Mediator complex, which is known to be required for the activities of Sp1 (40), the VP16 activation domain (26, 27, 54) , and the adenovirus E1A protein (3). Conversely, IE62 could interact with other transcriptional components including the general transcription factors or one or more subunits of the polymerase II holoenzyme. These possibilities remain to be explored.
